Taudaha Lake is one of the important wetlands in Nepal, as it provides critical habitats for thousands of migratory birds and fishes. Despite being a critically important water body, there is a lack of detail chemical and biological studies on this lake. The present study investigates the effects of seasonal water quality variations in distribution and abundance of macroinvertebrates in Taudaha Lake, during four different seasons in 2006. The results indicate that all the water quality parameters, except secchi depth, and total alkalinity, significantly varied among seasons. The gross primary productivity of the lake also significantly varied among the seasons, with highest primary production during summer (3.92 ± 0.18 gC/m 3 /day) and lowest during spring (2.44 ± 0.67 gC/m 3 /day). A total of 2166 individual benthic macroinvertebrates from 10 families and 7 orders were collected during the study period. Unlike water quality parameters, the macroinvertebrate species composition did not vary significantly among the seasons. The results suggested that the change in lake water quality did not have significant impacts on community metrics such as species diversity, species richness, and species evenness.
nents of the freshwater ecosystems and play a significant role in the distribution of vital living species in the earth [4] . Water quality and biological monitoring of the lakes and ponds has become critical with an increase in adverse anthropogenic impacts on these water bodies [5] . Land use changes such as agriculture and urban development are important factors affecting the water quality [6] and the biological communities of the lakes [7] . Macroinvertebrates are the important biological indicators of water pollution which are directly affected by physical and chemical alteration of the lake water and habitat conditions [7] [8] . Understanding the abundance and community structure of the macroinvertebrates provides important information on the condition of the water quality and the overall health of the lake ecosystems [9] . Species of order Ephemeroptera, Plecoptera, and Trichoptera (EPT) have been commonly used as indicators of healthy lakes [10] , whereas species of Diptera and Oligochaeta provide useful information about the pollution of a lake [9] [11] .
Kathmandu, the capital city of Nepal, is probably one of the rapidly urbanized cities among the developing nations. Alarming population growth in last few decades has created immense pressures in the natural water bodies in and around the city. The major rivers flowing through the Kathmandu valley is heavily polluted due to the mixing of untreated sewage in the rivers [12] . In absence of effective regulation on municipal wastewater treatment, the city discharges a tremendous amount of nutrient rich organic waste into the major water bodies [13] . The rainwater runoff from the highly urbanized watershed further adds pollutants into the river and lakes in the valley [12] . Controlling water pollution and restoring water bodies back to their natural stages are the major challenge for national and international organizations working in this area. However, this region lacks the vital background information on water quality parameters of the major water bodies, which is essential in order to implement such actions.
Taudaha Lake is situated in the suburb of the Kathmandu district, which is relatively less polluted in comparison to the major water bodies in the urban settings. The lake provides an important habitat and refuge for migratory birds and different species of fish and supports the local business through eco-tourism. Even though the first scientific study of the Taudaha Lake was conducted in 1973 [14] , very few researches on the effect of water quality on the benthic macroinvertebrates have been conducted. The study conducted during 1973 represents the time before the beginning of the major urbanization in the city and is not representative of the lake biogeochemistry of posturbanization era. Furthermore, there is limited information on the effect of water quality to the benthic macroinvertebrates.
The major objective of the present study is to characterize water quality, and to study the seasonal effect of water quality on the abundance and distribution of benthic macroinvertebrates in Taudaha Lake. The proximity of the Lake to highly urbanized Kathmandu metropolitan city and its ecological and economical significance make it an ideal location for such study. The information on the distribution and abundance of macroinvertebrates in the Taudaha Lake will provide invaluable information for controlling/reducing water pollution, eutrophication and the actions on restoring water bodies in the city.
Methods

Study Area
The study was conducted in Taudaha Lake, situated 6 km southeast of Kathmandu district (27˚38'55''N 85˚16'54''E). Taudaha Lake occupies an area of 4 ha with a maximum depth of 6 m, receiving the water via surface and sub-surface runoffs (Figure 1 ). Several inlets exist around the lake, but two surface inlets are major sources of water in the lake, especially during the monsoon. The lake also receives a discharge from the surrounding croplands, especially during the irrigation and wet seasons. The general sampling for this study entailed that lake water quality and benthic macroinvertebrates were monitored in six sites during winter, spring, summer, and autumn seasons of 2006.
Water Quality Monitoring
Water quality parameters were measured from all sites during samplings seasons. Water temperature (˚C), pH (standard units), secchi depth (cm) and conductivity (µS/cm) were measured in situ. Dissolved oxygen (DO; mg/L) was determined in the field Figure 1 . Location map of Taudaha Lake with six sampling stations.
immediately after sample collection using Winkler method [13] . Water samples for the analysis of chloride, carbon dioxide, alkalinity, hardness, nitrate, phosphate, and primary productivity, were collected in 1-L acid-washed plastic bottles, transported on ice and stored at −4˚C until lab analysis. Chloride (mg/L), free carbon dioxide (CO 2 ; mg/L), total alkalinity (mg/L as CaCO 3 ), total hardness (mg/L as CaCO 3 ), nitrate (mg/L), and phosphate (mg/L) were determined following standard methods [15] . The net primary productivity and gross primary productivity were measured using light, dark bottle methods, while DO concentration from these light and dark bottles were measured using Winkler method.
Macroinvertebrate Monitoring
Samples for qualitative and quantitative analysis of macroinvertebrate were collected using a Van-Veen grab sampler (250 cm 2 ). The grab sampler was used in all six sites during the sampling period. Macroinvertebrates were identified to family level using appropriate taxonomic keys [16] . Total abundances were expressed as the number of macroinvertebrates collected within each 250 cm 2 of all sites during the four seasons.
The data were also used to compute Shannon diversity index (H') [17] , Species evenness index (E) [18] , and Species richness index (D) [19] for each sampling event. These three standard indices for each sampling events were calculated using following formula:
Shannon diversity indices (H′): 
Data Analysis
We used one-way analysis of variance (ANOVA) to compare water quality, primary productivity, and macroinvertebrate community parameters among the sampling seasons. This analysis was used to test for the effects of time (i.e. seasons) on water quality, primary productivity, and macroinvertebrate community metrics. Significance for all statistical analysis was assessed at α = 0.05. The statistical analysis was conducted using the Statistical Analysis Software (SAS, version 9.2, Cary, North Carolina, USA).
Results
Water Quality Parameters
All the water quality parameters, except secchi depth and total alkalinity, varied significantly among the sampling seasons ( Table 1 ). The water temperature of the lake varied between 17.3˚C to 22˚C throughout the study period, with an annual average temperature of 19.4˚C ± 2˚C. As expected, water temperature varied significantly (P < 0.001) with seasons, with the maximum during summer (22.0˚C ± 0.5˚C) and minimum during winter (17.3˚C ± 1.1˚C) ( Table 1 ; Figure 2(a) ). The average annual pH of the lake was recorded as 7.65 ± 0.4. The pH of the lake varied significantly (P < 0.001) among the sampling seasons, with the maximum pH (8.02 ± 0.21) during summer and minimum (7.08 ± 0.22) during autumn (Table 1; Figure 2(b) ). The average conductivity of the lake was recorded as 273 ± 24.2 µS/cm, with the maximum in summer (291 ± 2.61 µS/cm) and minimum in autumn (238 ± 4.3 µS/cm). The conductivity was significantly different among the seasons (P < 0.001) ( Table 1 ). The average secchi depth was recorded as 52.33 ± 3.4 cm over a year. The highest secchi depth was observed during autumn (55.75 ± 5.38 cm) and the lowest secchi depth was observed during spring (48.42 ± 8.0 cm). The secchi depth did not showed the significant differences among the seasons (P = 0.25) (Table 1; Figure 2 (c)). Figure 2 (e)). The average total alkalinity was recorded to be 165 ± 5 mg/L as CaCO 3 throughout the year (Table 1) . Even though the maximum concentration of total alkalinity was observed in spring (170.4 ± 6.2 mg/L as CaCO 3 ) and minimum concentration was observed in summer (160 ± 9 mg/L as CaCO 3 ), there was no significant difference between the seasons (P = 0.35) ( Table 1 ; Figure 2 (f)).
The average total hardness was recorded to be 122.5 ± 18.5 mg/L as CaCO 3 ( Table 1 ).
The maximum concentration of total hardness was recorded in spring (138. Table 1 ). The maximum concentration of phosphate was observed during autumn (0.12 ± 0.07 mg/L) and minimum concentration was recorded during winter (0.046 ± 0.03 mg/L). Phosphate was significantly different (P = 0.02) with the seasons (Table 1 ; Figure 3(b) ). Gross primary productivity was significant (P = 0.003) with the sampling seasons, but net primary productivity was not consistent over time (P = 0.36) ( Table 1 ). The average gross primary productivity of the lake was observed brate communities were similar in all four seasons. Chironomidae was the most dominant family, representing~90% of all macroinvertebrates, while the species of remaining nine families represent only 10% of total macroinvertebrates ( Table 2 ). The Shannon diversity index (H') value ranged from 0.39 to 0.54 (Table 3) . Similarly, species evenness (E) ranged between 0.26 -0.36 and species richness (D) ranged between 0.49 -0.56 during the sampling period (Table 3 ). The one-way ANOVA suggested that the macroinvertebrate community-based biotic indices were consistent through the time and not significantly different (P > 0.05) among the seasons (Table 3) . 
Discussion
Taudaha Lake is ecologically and economically significant which provides important habitat and refuge for migratory birds and different species of fishes, and supports the local business through eco-tourism. Water quality of the lake is the major factor that affects the community structure of aquatic species including macroinvertebrates. Temperature is one of the major environmental factors that have a significant effect on the other water quality variables and aquatic species [20] [21] . Seasonal changes in water temperature are directly affected by the air temperature [10] . Similar trends of water temperature variation in Taudaha Lake was observed in the study conducted in 2005
and 2013 [22] [23] . Since Taudaha Lake is a Polymictic Lake [22] with an average depth of 6 m [13] [22], thermal stratification was not possible [24] [25] [26] . Organic and inorganic particulate matter were important factors that affect the secchi depth of the lake [27] . The lower secchi depth of the lake during spring season was mainly due to the transport of sediments from the agricultural land in the watershed [28] . The lower secchi depth indicated higher total suspended solids (TSS) as well as increased in algal blooms [28] [29] . Similar results with low secchi depth were observed in Taudaha Lake [22] , and in Beeshazar lake [20] located in western Nepal.
The higher conductivity observed during summer was possibly due to the agricultural activities, leaching of fertilizers from the cropland [6] [30], and a significant amount of dissolved salts in the lake [31] . Various studies [22] [32] [33] have reported higher lake conductivity during summer, which is a strong indicator of agricultural intensity and its associated impacts. Chloride in water bodies is mainly due to the weathering of sodium chloride (NaCl) containing rocks; however, rainwater can be a significant source of chloride for lakes [10] . In addition to irrigation runoffs from croplands, ground water, which is a major source of water input in the lake, was an important contributing factor for the elevated chloride concentration [31] . The values of chloride in all seasons were lower than the WHO proposed drinking water quality criteria [34] . Change in urban and agricultural land uses alter the consumption and uses of water and sediments causing the elevated concentration of nutrients (nitrogen and phosphorus) in the lakes [10] . Nutrients are present naturally in the environment, however, runoff of fertilizers from the adjacent agricultural croplands and domestic sewage are the major source of nutrients into the lakes [31] . Although the studied area is surrounded by the agricultural croplands and households, the concentration of nutrients (N & P) in the lake is below the WHO recommended value [34] . The littoral and riparian zone of the lakecan trap the excessive nutrients and help to maintain nutrients load into the lakes [6] [39]. Nutrients are the major causes of eutrophication in the water bodies [4] [40], but their concentrations were relatively low during the studied period indicating the healthy water quality of the lake [15] . The concentration of nitrate and phosphate in Taudaha lake were lower as compared to the previous studies [23] [41] . Although nutrients are the limiting factors [42] [43], availability of light, temperature, algae, and planktons, also have a significant effect on the primary productivity of the lakes [44] [45]. Both gross and net primary productivity of the lake were relatively low as compared to the productivity of other lakes of the southern and western Nepal [20] [32].
Results of this study indicated the significant positive correlation between net primary productivity and secchi depth (+0.5043), which was also supported by the study conducted in the Oak Lake, South Dakota, U.S.A [45] . The primary productivity usually occurs within 0.5 m of the lake [45] if not restricted by the higher turbidity and suspended solids, which decrease the light penetration required for photosynthesis [46] [47]. The secchi depth of Taudaha Lake during the study period was ~0.5 m indicating the higher turbidity due to the larger loading of suspended solids-possibly from the surrounded agricultural croplands [22] which could be a major factor in decreasing light penetration and lowering productivity of the lake [46] [47].
Macroinvertebrates play a critical role in the natural flow of energy and nutrients and are a good indicator of pollution [10] . The community-based indices indicated no differences in the macroinvertebrate structure with the seasons. Most of the literature [48] [49] [50] [51] suggested that the macroinvertebrate assemblages correlate with the increased nutrients and degraded physical habitats. Since the nutrient concentration of the lake was low and habitat degradation was a function of increased nutrients [49] [51], the current study does not support the above statement. The species of orders Ephemeroptera and Trichoptera (ET) are generally indicators of less polluted whereas species of orders Hemiptera, Diptera, and some species of Oligochaeta generally indicate the polluted water bodies [9] [10]. The higher abundances (more than 90%) of species of Diptera in all seasons and lower abundance (less than 5% in three seasons) of ET taxa indicate degraded habitat and water quality of the lake [49] [52] . Although the abundances of macroinvertebrates indicated degraded water quality, it is important to consider historical background of the lake before using the macroinvertebrates as biological indicators [9] .
Conclusion
Water quality of the Taudaha Lake showed significant temporal variations except for secchi depth and total alkalinity, but the biotic indices did not show any significant differences among seasons. The results indicate the anthropogenic activities (agricultural activities) and rainfall regime as major factors affecting the water quality and biota of the lake. Although most of the water quality of the lake meets WHO guideline for drinking water requirement, the dominance of Chironomidae family indicates the degraded habitat condition of the lake. Overall, this study represents the general water quality parameters and the condition of benthic macroinvertebrates of the lake.
